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ADAPT Tour

PROGRAM
Recent Advances in Integrated Computational and Experimental
Methods for Additive Manufacturing
Green Center, Colorado School of Mines

Wednesday, September 6, 2017
7:30 – 8:00 am

Registration

8:00 – 8:30 am

Introduction and welcome
Dr. Paul Johnson, President, Colorado School of Mines

8:30 – 9:00 am

Lyle Levine, National Institute of Standards and Technology
Additive Manufacturing of Metals: An Integrated MeasurementModeling Approach

9:00 – 9:30 am

Suresh Babu, University of Tennessee, ORNL
Metal Additive Manufacturing: Towards Qualification through In-Situ
Process Control, Ex-Situ Characterization and High-Performance
Computational Modeling

9:30 – 10:00 am

Manyalibo Matthews, Lawrence Livermore National Laboratory
Understanding Light-Matter Interaction, Melt Pool Dynamics and
Spatter Formation in Laser Powder Bed Fusion Processing

10:00 – 10:30 am

Break

10:30 – 11:00 am

Alvaro Estupinan, University of Luxembourg
A Multiphysics Simulation Approach Towards Additive Manufacturing

11:00 – 11:30 am

Kamel Fezzaa, Advanced Photon Source
Ultrafast Imaging and Diffraction at 32-ID Beamline of the APS:
Application to AM Process Characterization

11:30 – 12:00 pm

Jonathan Madison, Sandia National Laboratories
Synthetic Microstructures for Additive Manufacturing: Generation,
Quantification, and Partnering Efforts

12:00 – 1:30 pm

Lunch, Table Mountain Inn

1:30 – 2:00 pm

Tony Rollett, Carnegie Mellon University
Additive Manufacturing Inspired Synchrotron Experiments and
Computation: Diffraction and Dynamic X-ray Radiography

2:00 – 2:30 pm

Jeffery Brooks, University of Birmingham
The Application of Multiscale Modelling to Additive Manufacturing

2:30 – 3:00 pm

Joseph T. McKeown, Lawrence Livermore National Laboratory
Microstructure Evolution During Laser-Induced Rapid Alloy
Solidification
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3:00 – 3:30 pm

Break

3:30 – 4:00 pm

Allen Roach, Sandia National Laboratories
Overview of Sandia’s Born Qualified Project

4:00 – 4:30 pm

Stephen Liu, Colorado School of Mines
Additive Manufacturing Research at the CSM Center for Welding,
Joining and Coatings Research

4:30 – 5:00 pm

Deepankar Pal, 3DSIM
Adaptation of Predictive Approaches in AM Part Qualification and
Experimental Validation

5:30 – 7:30 pm

Poster Session and Reception
Colorado School of Mines Geology Museum
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Thursday, September 7
8:30 – 9:00 am

Jack Beuth, Carnegie Mellon University
Effects of Beam Spot Size in Expanding the Usable AM Processing
Space

9:00 – 9:30 am

Jim Belak, Lawrence Livermore National Laboratory
What insights into additively manufactured materials will Exascale
enable?

9:30 – 10:00 am

Amy Clarke, Colorado School of Mines
In-situ Imaging of Metallic Alloy Solidification Dynamics for Advanced
Manufacturing

10:00 – 10:30 am

Break

10:30 – 11:00 am

Peter Collins, Iowa State University
Electron Beam Additive Manufacturing: Predicting microstructure,
properties, and performance

11:00 – 11:30 am

Don Brown, Los Alamos National Laboratory
Monitoring the Microstructure of Additively Manufactured Stainless
Steel During Deposition

11:30 – 12:00 pm

Wei Xiong, University of Pittsburgh
Materials and Processing Optimization for Metals Additive
Manufacturing

12:00 – 1:30 pm

Lunch, Table Mountain Inn

1:30 – 2:00 pm

Todd Palmer, Penn State University
Impact of Size and Geometry on Process-Structure-Property
Relationships for Size and Geometry in Directed Energy Deposition
Processes

2:00 – 2:30 pm

Curt Bronkhorst, Los Alamos National Laboratory
Quantifying the Structural State of Additively Manufactured Stainless
Steels

2:30 – 3:00 pm

Josh Sugar, Sandia National Laboratories
Microstructural Evolution, Mechanical Properties and Predictive
Simulation of Additively Manufactured Austenitic Stainless Steel

3:00 – 3:30 pm

Nesma Aboulkhair, University of Nottingham
Heat Inputs in Powder Bed Fusion of Metallic Materials

3:30 – 4:00 pm

Break
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4:00 – 4:30 pm

Shuai Shao, Louisiana State University
Porosity in Additive Manufactured Metallic Parts: Prediction,
Remediation and Impact on Fatigue Behavior

4:30 – 5:00 pm

Hongkyu Yoon, Sandia National Laboratories
Additive Manufacturing and Digital Rock Physics for Geoscience
Applications

5:00 – 5:30 pm

Greg Wagner, Northwestern University
Multiscale Process-Structure-Properties Modeling for Additive
Manufacturing in Metals

6:30 – 9:00 pm

Conference Dinner, Golden Hotel
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Friday, September 8
8:30 – 9:00 am

Wayne King, Lawrence Livermore National Laboratory
Accelerating Qualification of Additively Manufactured Metal Parts

9:00 – 9:30 am

Lars-Erik Lindgren, Lulea University of Technology
Calibration and validation of macroscopic models for additive
manufacturing

9:30 – 10:00 am

Suman Das, Georgia Institute of Technology
Modeling and experimental validation of powder bed fusion-based
additive manufacturing in turbine engine hot-section alloys processed
through scanning laser epitaxy

10:00 – 10:30 am

Break

10:30 – 11:00 am

Mario Martinez, Sandia National Laboratories
Modeling of Selective Laser Melting: Impact of Laser Settings and
Powder Morphology

11:00 – 11:30 am

Dan Thoma, University of Wisconsin
Lightweight Design Using Direct Metal Laser Sintering: Optimized
Topology vs. Lattice Structures

11:30 – 12:00 pm

Aaron Stebner, Colorado School of Mines
Platforms for High Throughput Characterization and Machine
Learning for Additive Manufacturing

12:00 – 1:00 pm

Lunch (Boxed lunches provided)

1:00 – 3:00 pm

Aaron Stebner, Alliance for the Development of Additive Processing
Technologies (ADAPT) high-throughput characterization for 3D
printed metals lab tour at the Colorado School of
Mines, http://www.adapt.center/

Abstracts of talks follow on the next page.
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Abstracts
Wednesday, September 6
8:30-9:00
Additive Manufacturing of Metals: An Integrated Measurement-Modeling Approach
Lyle Levine, National Institute of Standards and Technology
Additive manufacturing of metals could revolutionize the design and production of
complex, high-value metal parts. However, the extreme processing conditions of, essentially,
welding millions of microscopic bits of metal together, create deleterious microstructures with
high stresses, extreme compositional gradients, unexpected phases, and a variety of potentially
disastrous build flaws. Substantial post processing is typically required to achieve useable
mechanical properties, but position-dependent variations within the part and life-cycle issues
such as fatigue and corrosion greatly complicate part qualification. We are combining in situ
process monitoring with laboratory, synchrotron X-ray and neutron-based measurements to
validate integrated finite element, thermo-kinetic, and phase field models of the as-built and
post-processed microstructures and stresses. I will describe our combined measurement and
modeling work with examples from AM Inconel 625 and 17-4 steel. Finally, I will describe our
progress in establishing the Additive Manufacturing Benchmark Test Series (AM-Bench), a
continuing series of highly controlled benchmark tests for additive manufacturing that will allow
modelers to test their simulations against rigorous, highly controlled additive manufacturing
benchmark test data.

9:00-9:30
Metal Additive Manufacturing: Towards Qualification through In-Situ Process Control,
Ex-Situ Characterization and High-Performance Computational Modeling
Suresh Babu, Ryan Dehoff, M. Kirka, J. Turner, L. Love, T. Watkins, University of Tennessee,
ORNL
Additive manufacturing (also known as 3D printing) of materials is considered as a
disruptive technology to produce limited number of high value components with topologically
optimized geometries and functionalities. Realization of the above potential for real-world
applications is stifled by lack of qualification tools across the whole process flow. The
qualification steps include computational design-tools; material characteristics, methods to
probe thermo-mechanical processes under in-situ conditions, and microstructural homogeneity,
as well as, anisotropic static- and dynamic-properties. This presentation will discuss the needed
interdisciplinary science and technology to address these challenges. Specific focus on
understanding and controlling physical processes will be stressed, including powder/wire/tape,
powder sintering, adsorption and dissolution of gases, microstructure evolution under extreme
thermal gradients, and residual stress evolution under complex thermal gyrations. Two case
studies will be discussed that demonstrates the need for the interdisciplinary expertise to
accelerate the adopting additive manufacturing. Emerging pathways to scale up metal additive
manufacturing to large sizes (>1 m) and higher productivity (5 to 20 kg/h), while maintaining the
mechanical performance and geometrical flexibility will be discussed.
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9:30-10:00
Understanding Light-Matter Interaction, Melt Pool Dynamics and Spatter Formation in
Laser Powder Bed Fusion Processing
Manyalibo Matthews1, Andrew Anderson1, Nicholas Calta1, Philip Depond1, Gabe Guss1, Saad
Khairallah1, Wayne King1, Tien Roehling2, Alexander Rubenchik1, Johannes Trapp3, Sheldon
Wu1
1
Lawrence Livermore National Laboratory, 2University of the Pacific, 3Technische Universitat
Dresden
Accurate prediction of the material response associated with any laser materials
processing technology begins with precise knowledge of the energy coupling mechanisms
active during the laser-matter interaction. In laser powder bed fusion additive manufacturing of
metal parts, complex hydrodynamics driven by vapor recoil and Marangoni convection lead to
liquid metal interfaces that are steeply curved thereby affecting Fresnel absorptivity (nearkeyhole mode absorption). Changes in absorptivity due to melt pool motion can lead to
fluctuations in energy coupling which drive excursions in melt pool depth, microstructure and
local residual stress. Under certain circumstances, vapor recoil can lead to laser keyhole
formation during laser powder bed fusion processing which in turn can lead to part pore defects
which adversely affect mechanical properties. Furthermore, ejection of material from the melt
pool and entrainment of powder from melt vapor flux can generate spatter particles that become
incorporated into subsequent powder layers and can lead to lack-of-fusion defects. To clarify the
complex physics involved, a combined experimental and simulation effort is required with
sufficient energy, spatial and temporal resolution. In the present work, a laser calorimetric test
bed is developed equipped with high speed optical and thermal imaging and used to study
changes in energy coupling as a function of laser power above the melting point for bulk metal
plates and metal powder layers of several commercially-relevant metal powders. Hydrodynamic
finite element modeling of the powder bed is used to simulate the melt pool morphology and
dynamics, providing insight to energy coupling, keyholing and spatter generation mechanisms.
The measurements and simulations taken together offer powerful new insights into the laser
powder bed fusion process which might be exploited to improve efficiency and overall process
robustness. This work was performed under the auspices of the U.S. Department of Energy by
Lawrence Livermore National Laboratory under Contract DE-AC52-07NA27344. This work was
funded by the Laboratory Directed Research and Development Program at LLNL under project
tracking code 15-ERD-037.

10:30-11:00
A Multiphysics Simulation Approach Towards Additive Manufacturing
Alvaro Estupinan, University of Luxembourg
Additive manufacturing, also known as 3D printing, processes synthesise a threedimensional object by adding successive layers of materials under computer control and is
sometimes referred to as the third industrial revolution. In its broad sense additive
manufacturing includes processes such as binder jetting, directed energy deposition, material
extrusion, material jetting, powder bed fusion, sheet lamination and vat photo-polymerisation
that apply a variety of materials such as polymeric materials, biological materials, ceramic
materials and metallic materials. Common to all these applications are their multi-physics
characteristics that take place on different length-scales. In order to unveil the underlying
physics for sophisticated AM techniques, systematic modelling approaches and simulation
efforts are required that cover both the design stage and qualification/certification.
To effectively model metal AM across multiple scales ranging from molecular to macroscopic
scales, one approach may be to develop and employ models appropriate to each scale and
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then integrate and couple them within a larger software platform. The entire spectra of
phenomena taking place during direct energy deposition methods such as SLM and EBM may
be decomposed into several major steps:
• Deposition of metal powder
• Insertion of energy
• Molten pool dynamics
• Solidification and microstructure evolution
• Residual stress and distortion
• Evaluation of material properties
Ultimately, an Euler-Lagrange technique as a coupling between a continuous and discrete
phase are appropriate and effective numerical approaches when employed to additive
manufacturing processes. The above-mentioned approach treats powder and its physics such
as transport and melting by an extended discrete element method (XDEM) while finite element
(FE) and finite volume (FV) methods deal with continuous phenomena such as temperature
distribution, melting or solidification. Results predicted for processes relevant to metal AM are
obtained through the Euler-Lagrange methodology and allow a detailed analysis of the various
processes involved. It broadens the knowledge in AM and supports a more physical based
approach to design and operation.

11:00-11:30
Ultrafast Imaging and Diffraction at 32-ID Beamline of the APS: Application to AM
Process Characterization
Kamel Fezzaa, Tao Sun, Cang Zhao, Advanced Photon Source
32-ID of the Advanced Photon Source has recently pioneered the use of x-ray white
beam from an undulator source for ultrafast inline phase-contrast imaging and diffraction with an
exposure time down to 100 ps and a repetition rate up to 6.5 MHz. These techniques are highly
suitable for studying opaque, transient and irreversible processes in fluids and solids.
One particular example is the metal additive manufacturing (AM) that has witnessed a rapid
growth during the past few decades. However, it has been extremely challenging to directly
observe the microstructural evolution during the highly dynamic and transient metal AM
processes. In this presentation, we will describe the beamline instrumentation development, and
show some examples to highlight the beamline uniqueness and versatility. In particular, we
demonstrate a real-time and in-situ characterization of laser powder bed fusion process (for the
first time, including melt pool and keyhole formation), and we discuss future improvements.

11:30-12:00
Synthetic Microstructures for Additive Manufacturing: Generation, Quantification, and
Partnering Efforts
Jonathan Madison, Theron Rodgers, Veena Tikare, Sandia National Laboratories
Additive Manufacturing is of high interest based largely upon its promise of unlocking a
new paradigm in material design while enabling a tremendous reduction in the discovery to
insertion interval. The practical realization of these opportunities however, require a great deal
of development in the fundamental knowledge base surrounding the use of additive
manufacturing for both critical and non-critical parts. Chief among these challenges is the need
to unravel the role microstructure plays as not only a product of the processing window, but also
as a potential precipitator and indicator of material response.
Given the rapidly evolving landscape of additive manufacturing and the ever-growing
number of potential permutations for production (e.g. powder bed or LENS, machine used,
powder source or beam delivering optics) a traditionally comprehensive design of experiment is
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at a minimum rather problematic. When one further considers build-specific processing
parameters, (e.g. beam shape, travel speed, power delivered, layer height, hatch distance, etc.)
brute force examination of even a single material system across the entire breadth of potential
process-parameter space is hardly tenable, even if practically possible. As such, the need for
efficient and effective simulations to help guide, verify or support experimental work has
arguably never been more necessary.
Using an open-source, kinetic monte-carlo simulation suite known as SPPARKS
(Stochastic Parallel PARticle Kinetic Simulator), Sandia National Laboratories has developed a
rapidly deployable, easily scalable and low computational cost method to producing first-order
predictions of grain morphology in additive manufacturing. User inputs correspond directly or
indirectly to typical processing parameters such as beam travel speed, power density and raster
pattern among with a collection of others. In this talk, the foundational philosophy and basic
mechanics will be presented and the implementation scheme will be applied to a few example
cases. Partnering efforts leveraging this capability for further studies will also be highlighted.
Sandia National Laboratories is a multi-mission laboratory managed and operated by
National Technology and Engineering Solutions of Sandia, LLC., a wholly owned subsidiary of
Honeywell International, Inc., for the U.S. Department of Energy’s National Nuclear Security
Administration under contract DE-NA0003525.

1:30 – 2:00
Additive Manufacturing Inspired Synchrotron Experiments and Computation: Diffraction
and Dynamic X-ray Radiography
Tony Rollett1, Tugce Ozturk1, Ross Cunningham1, Tao Sun2, Cang Zhao2
1
Carnegie Mellon University, 2Advanced Photon Source
High Energy (x-ray) Diffraction Microscopy (HEDM) experiments are described that
provide data on 3D microstructure and local elastic strain in 3D printed materials, including Ti6Al-4V and Ti-7Al. The reconstruction of 3D microstructure in Ti-6Al-4V is challenging because
of the fine, two-phase lamellar microstructure and the residual stress in the as-built condition.
Both the majority hexagonal phase and the minority bcc phase were reconstructed. Moreover,
parent bcc orientations inferred from the product hexagonal material agreed well with the HEDM
reconstructions of the bcc grains. To complement the measurements, the elasto-viscoplastic
behavior of dual phase titanium structures was modeled using an image-based fast Fourier
transform (FFT) based model, on a spectrum of varying crystal phase fractions, activated slip
systems, grain sizes/morphologies and orientation distributions. Representative 3D synthetic
microstructures were generated based on additively manufactured Ti-6Al-4V characteristics,
and the input structures were modified for features of interest. The sensitivity to microstructure
was quantified through average and local field distribution comparisons. In Ti-7Al, a small weld
bead on a sample deliberately induced void formation via keyholing. HEDM measured the
microstructure and residual stress, which was compared against FFT-based simulations.
Synchrotron-based 3D X-ray computed microtomography was performed at the
Advanced Photon Source on additively manufactured samples of Ti-6Al-4V using both laser
(SLM) and electron beam (EBM) powder bed; Al-10Si-1Mg form SLM was also characterized.
Outside of incomplete melting and keyholing, porosity is inherited from pores or bubbles in the
powder. This explanation is reinforced by evidence from dynamic x-ray radiography (DXR), also
conducted at the APS. DXR has revealed entrapment of voids (from powder particles) in melt
pools, keyholes (i.e., vapor holes) and hot cracking. Concurrent diffraction provides information
on solidification and phase transformation in, e.g., Ti-6Al-4V.
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2:00 – 2:30
The Application of Multiscale Modelling to Additive Manufacturing
Jeffery Brooks, H.C. Basoalto, University of Birmingham
The rapid development of additive manufacturing has given rise to a range of
technologies which are poorly understood from a scientific perspective despite being applied in
industry for component manufacturing. In particular the relationship between the deposition
parameters (e.g. speed, power, heat source size) and the emerging microstructures are not well
understood and due to the multiscale-multiphysics nature of the processes these cannot readily
be established from experimental trials alone.
Consequently computer simulation has been used to assist in understanding the
process. However the behavior at the macroscale component level is dependent on the
microscale interactions between the heat source, metal addition and the substrate and
consequently any modelling approach has to account for the effects at different length scales.
The approach presented in this paper consists of a series of models coupled within an
integrated framework to predict both the microstructural evolution and the resulting macroscopic
behavior during selective laser melting (SLM).
The powder-bed is simulated using a representative statistical distribution of the powder
particles obtained from a “particle-raining” model whereby the powder particles are dropped in
to place onto a packed configuration. A model of the laser heat source is then scanned across
the layer configuration and thermal fluid dynamics calculations are used to predict the melting
behaviour, sub-surface morphology, and porosity development. Similarly the resulting variations
in the process induced microstructure are predicted by linking the temperature history and melt
pool information from the thermal fluid flow calculation with cellular automatons to provide grain
size, orientation and chemical segregation effects on precipitation. A state variable approach is
then used to predict the plastic behaviour of the material by explicitly linking the local alloy
microstructure to the constitutive response of the material. This micro response is then
homogenised to provide the macroscopic behaviour at the component level. Results will be
presented on the application of the framework to the behavior of nickel superalloys during SLM.

2:30 – 3:00
Microstructure Evolution During Laser-Induced Rapid Alloy Solidification
Joseph T. McKeown1, Amy J. Clarke2, Jean-Luc Fattebert1, Aurélien P. Perron1, John D.
Roehling1, Adam W. Stokes2, Patrice E.A. Turchi1
1
Lawrence Livermore National Laboratory, 2Colorado School of Mines
Metals-based additive manufacturing (AM) technologies have advanced to a critical juncture
where components with geometries that cannot be obtained by conventional processing routes
can be designed and built, yet performance is limited by a lack of understanding and control of
the parameters that influence microstructure and properties. The reasons for this are many-fold,
including a lack of control of thermal histories that drive microstructure evolution and a
deficiency in predictive capabilities, due to a lack of in situ process monitoring to provide data
for validation. Microstructure evolution during AM begins with the melt pool, where laser
processing involves rapid melting, subsequent rapid solidification (RS) with highly nonequilibrium kinetics, and complex thermal profiles, presenting significant challenges for both AM
in situ characterization and modeling efforts. Our work focuses on development of validated
predictive capabilities to describe laser-induced rapid alloy solidification and microstructure
evolution in a melt pool under processing conditions relevant to AM (large thermal gradients,
high cooling rates, and high solidification front velocities). This is accomplished by in situ
imaging of the solidification front and phase-field modeling of the RS process. In situ
characterization is conducted with the dynamic transmission electron microscope (DTEM) at
Lawrence Livermore National Laboratory (LLNL) to obtain multi-frame acquisitions of solid-liquid
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interface evolution in thin-film alloy samples with high spatial and temporal resolutions.
Complementary ex situ solidification experiments using single laser tracks in bulk alloy samples
provide access to solidification data across a broad range of conditions from “equilibrium” to the
far-from-equilibrium conditions of the DTEM experiments. Theoretical approaches utilize
coupling of the LLNL Adaptive Mesh Phase Evolution (AMPE) phase-field model to physical
databases by incorporating thermodynamics and kinetics within the CALPHAD methodology for
realistic parameterization of the AMPE code. Here we present results from both experimental
and modeling efforts on Al-, Ni-, and Ti-based alloy systems. This work was performed under
the auspices of the U.S. Department of Energy by Lawrence Livermore National Laboratory
under Contract No. DE-AC52-07NA27344. Work was funded by the Laboratory Directed
Research and Development Program at LLNL under project tracking code 15-ERD-006. AJC
and AWS were supported by Award No. DE-SC0016061 from the U.S. Department of Energy,
Office of Basic Energy Sciences, Division of Materials Sciences.

3:30 – 4:00
Overview of Sandia’s Born Qualified Project
Allen Roach, Sandia National Laboratories
This talk will serve as an overview and progress update of Sandia’s Born Qualified
project. Goal of project is to combine the promise of additive manufacturing techniques with
deep materials & process understanding to revolutionize component design, manufacturing, and
qualification paradigms where materials, designs, and ultimately components are Born
Qualified. The vision for product realization is a paradigm shift where margins to requirements,
limits of physics, and process uncertainties are known at birth, and product changes can be
swiftly propagated through the design-manufacture-sustainment chain to assess impacts.
Deliverables include development and deployment of a broad science-base applicable to
multiple materials that consists of materials models, process models, novel process diagnostics,
data analytics, and optimization techniques. Prototypes will be delivered of three exemplar parts
where performance was predicted from manufacturing diagnostics and models, radically
changing the purpose of product testing to validation rather than performance evaluation.

4:00 – 4:30
Additive Manufacturing Research at the CSM Center for Welding, Joining and Coatings
Research
Stephen Liu, Devon Gonzales, Cheryl Hawk, Christine Hiller, Scott Mitzner, Colorao School of
Mines
CSM CWJCR has collaborated with NASA- Langley Research Center (LaRC) on
additive manufacturing (AM) research using electron beam freeform (EBF3) technology for
nearly a decade. Developed at LaRC, the technology is capable of fabricating fully dense, nearnet shaped, large scale aerospace structural components from solid wire feedstock of various
alloys. Being EBF3 is a high energy joining process, alloy vaporization from the molten pool is
common, leaving the manufactured component depleted in essential alloying content. Powder
cored tubular wire (PCTW) technology was used to modify Ti-6Al-4V and Al 6061 feedstock to
enhance alloy content, refine grain size, and create a metal matrix composite in the as-solidified
structures, respectively, but at a much lower cost than solid wires. Additionally, power source
pulsation was able to alter solidification behavior to result in a refined microstructure. The
dynamic weld pool size, due to pulsation, allowed for frequent heat flow variance, which resulted
in a more competitive growth environment and reduced grain size.
Another research achievement in EBF3 at CSM CWJCR was the processing of
composite materials such as aluminum MMCs such as Al-SiC composite, also using powder
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cored tubular wire technology. Challenges include porosity mitigation, oxidation control and
cluster dispersion. Coating of the composite particles is a likely solution to the problem but will
require the identification of an adequate coating materials and the optimization of coating
thickness.
On the laser additive manufacturing side, CSM- CWJCR has focused on the welding and
joining of AM components. Additive manufactured builds invariably exhibits strong
crystallographic directionality, considerable amount of residual elements pick up, and noticeable
residual stresses. As such, welding on AM components is not as trivial as many had concluded
in the past. A strong base substrate crystallography will affect significantly the weld deposit in
terms of grain characteristics such as size and orientation, and preferred nucleation. Whether
laser direct powder injection or powder bed fusion, the initial material of pure or alloyed powder
may already come contaminated with residual elements such as oxygen and nitrogen
(depending on the powder manufacturing process). These elements can be of concern to
welding since they can inhibit the fluid flow and proper joint formation. They may also affect the
final weld properties. In the case of stainless steel components, the presence of nitrogen can
also affect the alloy solidification mode. Nickel segregation has also been observed in the form
of nickel-rich intermetallic that varies from layer to layer in the AM build. Dissolution of these
intermetallic compounds can result in cracking that would not have been observed in a wrought
base material. Welding a highly segregated substrate has its own challenges, making each
welding job a unique situation and experience.

4:30 – 5:00
Adaptation of Predictive Approaches in AM Part Qualification and Experimental
Validation
Deepankar Pal, Sally Xu, Javed Akram, Pradeep Chalavadi, Abdul Khader Khan, 3DSIM
Research
The complex distribution of defects, mechanical properties and residual stress in parts
fabricated using metal melting additive technology determines their usefulness in the as-built
stage or if they will need further post processing steps. Post processing in AM comprises of
operations such as machining and/or bead blasting to change surface residual stresses and
high cycle fatigue initiation behavior. In addition, post processing operations such as heat
treatments/HIPPING could be used to change the defect distribution and microstructure
resulting in appropriate mechanical properties and residual stress relaxations at the cost of
dimensional deviations from the desired geometry. From raw materials to the finished part, the
number and expense of qualification experiments required to optimize useful part characteristics
and surpass minimum specifications calls for predictive approaches to accelerate qualification.
This talk will focus on adaptation of predictive approaches in qualifying metal AM parts and
designing complementary experiments to validate these approaches.
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Thursday, September 7
8:30-9:00
Effects of Beam Spot Size in Expanding the Usable AM Processing Space
Jack Beuth, Zachary Francis, Carnegie Mellon University
In laser and electron beam direct metal additive manufacturing, characteristics of the
melt pool and the resulting final parts are a product of a variety of process parameters. Laser or
electron beam spot size is an important geometric input parameter that can affect the size and
shape of a melt pool, and has a direct influence on the formation of lack-of-fusion and keyholing
porosity. In this work, models are developed to gain a better understanding of the effects of spot
size across different alloys and processes. Models are validated through experiments that also
span multiple processes and alloys. Results for melt pool dimensions as a function of spot size
are presented. Methods to expand the usable processing space are demonstrated in the ProX
200 laser powder bed fusion process. It is demonstrated that in-depth knowledge of process
parameters can reduce the occurrence of porosity and flaws throughout processing space and
allow for the increased use of non-standard parameter sets.

9:00-9:30
Jim Belak1, John Turner2, Curt Bronkhorst3, Lyle Levine4
1
Lawrence Livermore National Laboratory, 2Oak Ridge National Laboratory, 3Los Alamos
National Laboratory, 4National Institute of Standards and Technology
What insights into additively manufactured materials will Exascale enable?
The Exascale Additive Manufacturing Project (ExaAM) has been initiated as an
integrated collaboration between U.S. Dept. of Energy laboratories (ORNL, LLNL and LANL) as
part of the Exascale Computing Project (ECP). ECP is a broad program that includes hardware,
system software, system acquisition, and science application development. ExaAM is one of the
applications selected for the development and implementation of models that would not be
possible on more moderate computational systems. Starting from a top-> down systems
engineering approach, an integrated computational materials engineering (ICME) approach can
be used to accelerate the qualification and adoption of newly additively manufactured parts by
enabling up-front assessment of manufacturability and performance. The project includes an
integration of all the computational components of the AM process into a coupled exascale
modeling environment, where each simulation component itself is an exascale simulation. In
order to expose the physics fidelity needed to enable part qualification, the continuum scale
build simulation is tightly coupled to mesoscale simulations of microstructure and defect
development and evolution from which location-specific properties are determined for
performance simulations. The project is driven by a series of demonstration problems that are
amenable to experimental observation and validation. In particular, in situ experiments on
instrumented AM machines will be used to measure local defects and microstructures during
build that give rise to macroscopic properties such as residual stress. Here, we present our
coupled exascale simulation environment for additive manufacturing and its initial application to
AM builds.
Work performed under the auspices of the U.S. Department of Energy by LLNL, LANL
and ORNL under contracts DE-AC52-07NA27344, DE-AC52-06NA25396, DE-AC0500OR22725, and supported by the Exascale Computing Project (17-SC-20-SC), a collaborative
effort of the U.S. Department of Energy Office of Science and the National Nuclear Security
Administration.
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9:30-10:00
In-situ Imaging of Metallic Alloy Solidification Dynamics for Advanced Manufacturing
Amy Clarke1, Joseph McKeown2, John Roehling2, Adam Stokes1, Damien Tourret3, Seth
Imhoff3, John Gibbs3, Paul Gibbs3, James Mertens3, Kamel Fezzaa4, Tao Sun4, Michelle Espy3,
James Hunter3, pRad Team3, Brian Patterson3, Ricardo Lebensohn3, Younggil Song5, Alain
Karma5, Jonathan Madison6, Theron Rodgers6, Dan Coughlin3, John Kevin Baldwin3, Robert
Field1, David Diercks1, Terry Holesinger3
1
Colorado School of Mines, 2Lawrence Livermore National Laboratory, 3Los Alamos National
Laboratory, 4Argonne National Laboratory, 5Northeastern University, 6Sandia National
Laboratories
Solidification is critical to processes like casting and additive manufacturing and the
manufacture of metallic alloy components we use in our everyday lives. State-of-the-art
characterization techniques, now available at U.S. DOE User Facilities and in the laboratory, are
not only enabling fundamental studies of metallic alloy solidification dynamics, but also inoperando, in-situ deformation, and manufacturing studies. Here we use x-ray imaging at
Argonne National Laboratory’s Advanced Photon Source and in the laboratory, 800 MeV proton
imaging at Los Alamos National Laboratory’s Proton Radiography (pRad) facility, and dynamic
transmission electron microscopy (DTEM) at Lawrence Livermore National Laboratory to study
solidification dynamics from the microscale to the macroscale at times ranging from
microseconds to minutes. Our experimental results are used to inform, develop, and validate
computational models at the same length and time-scales. Integrating in-situ characterization
and modeling will yield the prediction and control of metallic alloy solidification dynamics and the
creation of microstructures, properties, and performance by design with advanced
manufacturing.
This work was supported by Award No. DE-SC0016061 from the U.S. DOE, Office of
Basic Energy Sciences, Division of Materials Sciences.

10:30-11:00
Electron Beam Additive Manufacturing: Predicting Microstructure, Properties, and
Performance
Peter Collins1, Gary Harlow2, Andrew Baker3, Thomas Ales1, Brian Welk4, Hamish Fraser4,
Rongpei Shi4, Yunzhi Wang4, Wenqi Li5, Matt Clark5, Steve Sharples5
Iowa State University1, Lehigh University2, Boeing3, Ohio State University4, University of
Nottingham5
Advanced manufacturing approaches, including additive manufacturing (i.e., “3D
printing”) of metallic structures requires informed qualification, whereby models are integrated
that can predict the chemistry, microstructure, and resulting material properties. In this work, we
present such a modeling approach for the Electron Beam Additive Manufacturing process, a
type of Directed Energy Deposition, culminating with a series of constitutive equations that are
used to predict the yield strength of Ti-6Al-4V subjected to one of three different heattreatments: a stress relief anneal in the α+β phase field; a hot isostatic press treatment in the
α+β phase field; and a β-anneal. The equations are nominally identical, though different
strengthening mechanisms are active according to subtle microstructural differences. To
achieve an equation that can predict the yield strength of the material, it is necessary to include
an assessment of a knock-down effect on tensile strength due to texture. This has been
experimentally measured, and included in this paper. The predictions of yield strength are
generally within 5% of their experimentally measured values. The predictions of performance
are based upon probability distribution functions, and are within ~1 ksi. Key microstructural
features have been identified and quantified using state-of-the-art materials characterization,
16

including precession electron diffraction for defect densities and spatially resolved acoustic
spectroscopy for macro-level orientation across ~30 square inches.

11:00-11:30
Monitoring the Microstructure of Additively Manufactured Stainless Steel during
Deposition
Donald Brown, John Carpenter, Bjorn Clausen, Jason Cooley, Adrian Losko, Maria Strantza
Los Alamos National Laboratory
The last decade has seen tremendous advances in the ability of X-rays and neutrons at
large scale facilities to probe microstructure at unprecedented length and time scales under
unique environments that simulate manufacturing conditions. Concurrently, manufacturing is
undergoing a revolution as investments are made in advanced manufacturing techniques, such
as additive manufacture. It is natural that advanced manufacturing techniques should couple
with advanced in-situ characterization techniques in order to accelerate the process of
qualification of products for critical applications. This talk will present our efforts to utilize in-situ
high energy x-ray diffraction and imaging to monitor the microstructural evolution of 304L
stainless steel during wire arc additive manufacture (WAAM). Diffraction and imaging data was
collected with ~0.1 second time resolution to determine the temperature, phase fraction (liquid,
ferrite and austenite), texture, etc. as the material quenched following deposition.

11:30-12:00
Materials and Processing Optimization for Metals Additive Manufacturing
Wei Xiong, University of Pittsburgh
The Metals Additive Manufacturing (AM) is a complex and hybrid processing, which
requires an interdisciplinary research of laser technology, physical metallurgy, powder
metallurgy, mechanical metallurgy, etc. Therefore, the high-quality AM component design
requires an integration of materials and mechanical engineering models of the processstructure-property relations. So far, there is an urgent need to apply the CALPHAD-based ICME
technique (CALPHAD: Calculation of Phase Diagrams; ICME: Integrated Computational
Materials Engineering) to the AM materials design and process optimization. In this talk, the
CALPHAD-based ICME modeling effects with a complementary support by experiments will be
discussed for such an application. Case studies will be presented as examples in rapid
solidification simulation, alloy composition design, and microstructure control. The combined
simulation of CALPHAD and finite-element modeling will be highlighted as a representative
case, where more collaborations between materials science and mechanical engineering are
required. The current issues of the CALPHAD-based ICME modeling of Materials and
Processing Optimization in AM will be reviewed for an open discussion.

1:30 – 2:00
Impact of Size and Geometry on Process-Structure-Property Relationships for Size and
Geometry in Directed Energy Deposition Processes
Todd A. Palmer, Pennsylvania State University
Additive manufacturing (AM) processes utilizing high energy density laser and electron
beam energy sources are used to fabricate a range of metallic components with varying
complexity and sizes. As the size of fabricated components increase, changes in the processing
conditions impact the complex thermal histories experienced at each location and the
corresponding process-structure-property relationships. Recent work with Ti-6Al-4V alloys
fabricated using directed energy deposition (DED) processes has shown that changes in
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geometry result in statistically significant differences in mechanical properties. As sizes increase
to accommodate larger structural components, changes in processing conditions, to include
higher deposition rates as well as longer dwell times, produce unexpected challenges in the
prediction of microstructures, mechanical properties, as well as residual stress states and
distortion. The development of fundamental scaling relationships that can be used to predict the
mechanical properties is an important area of research as part geometries increase in both size
and complexity. A review of recent work in this area and a path for the integration of these
scaling relationships in future modeling and simulation tools are provided.

2:00 – 2:30
Quantifying the Structural State of Additively Manufactured Stainless Steels
Curt Bronkhorst1, Veronica Livescu1, Don Brown1, Jason Mayeur1, Laurent Capolungo2
1
Los Alamos National Laboratory, 2CFD Research Corp.
Experimental results have shown that the plastic flow resistance of as-built additively
manufactured stainless steel materials (304L and 316L) from the laser engineered net shaping
(LENS) process is substantially greater than that of additively produced and annealed and
traditional wrought and annealed materials. The structure of these as-built materials is also
substantially different than traditionally produced polycrystalline metallic materials. Since the
additive process builds the component from successive deposition of laser melted beads –
similar to welding – the structure of the material has two characteristic lengths. The first is the
dimension of the bead, with interbead topologies subject to the laydown pattern required by the
component and secondly the grain structure within each bead. The grain structure within the
bead is topologically complex and subject to change based upon process conditions. In the
examination of the as-built material, there are a number of physical factors which could
contribute to this difference in plastic flow response – grain size, grain morphology, initial
dislocation state, internal stress, chemical composition, and laydown bead structure. In addition,
dynamic experimental results suggest that inter-bead interfaces, play a key role in the general
mechanical behavior of additively manufactured material. Two-dimensional metallographic
analysis has been carried out on three different 316L materials – as-built additively
manufactured, heat treated additive, and wrought. These results show that grain size and
morphology of the additive material is substantially different than the other two materials. The
literature suggests that grain size and its influence on flow stress is reasonably strong for these
stainless steel materials. We employ a model for the single crystal response of these stainless
steel alloys which is dependent upon dislocation density and takes into account a tensorial
representation of dislocation interactions within a large deformation framework. We also
represent the grain size effect within this local model with a simple “Hall-Petch” addition to the
flow stress which to first order is able to represent the complex structure of the material.
Diffraction experiments on these materials quantifies the initial dislocation density state of the
three materials and is used in the context of this single crystal model to properly initialize the
three material states. Polycrystal simulations of these three different material structures are
performed and comparisons made against available experimental information to diagnose the
physical reasons for such large differences in flow stress and structural performance.
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2:30 – 3:00
Microstructural Evolution, Mechanical Properties and Predictive Simulation of Additively
Manufactured Austenitic Stainless Steel
Josh Sugar1, L. Beghini1, M. Stender1, M. Veilleiux1, D. Keicher2, D. Dagel2, M. Maguire1, C. San
Marchi1
1
Sandia National Laboratories, Livermore; 2Sandia National Laboratories, Albuquerque
Laser engineered net shaping (LENS) is a directed energy deposition (DED) process for
additive manufacturing of metallic components that presents a promising method of creating
and/or repairing complex parts using a wide variety of metals. However, barriers to broad
penetration of LENS technology results from the lack of consistency and the uniformity of the
thermal history in LENS-built parts as well as the evolution of microstructure and residual
stresses during the LENS process. The thermal gradients present during metal AM processes,
such as LENS, will impact the microstructure (e.g. grain size/texture, ferrite distribution,
dislocation structure) and properties (e.g. tensile strength, hardness, residual stress) of these
materials. Therefore, the design and qualification strategies for additively manufactured
components require comprehensive understanding of the fundamental physics underlying the
heat transport during the rapid solidification and subsequent cyclic heating of parts during
manufacture. We are developing lifecycle analysis tools and fundamental materials
understanding of LENS-produced parts to enable product qualification and deployment for harsh
environmental service conditions. We will present a thermal-mechanical finite element process
model that incorporates experimental LENS manufacturing parameters for austenitic stainless
steel. The aim of this work is to develop a predictive design tool that accurately represents the
thermal history and final part shape, as well as distribution of strength properties and residual
stresses in LENS-built components. Microstructural features and property distributions in asbuilt LENS parts will be compared to simulation predictions. Paths towards predictive lifecycle
analysis tools for LENS-built components and the effect of non-uniform microstructure-property
distributions will be discussed.
Sandia National Laboratories is a multimission laboratory managed and operated by
National Technology and Engineering Solutions of Sandia LLC, a wholly owned subsidiary of
Honeywell International Inc. for the U.S. Department of Energy’s National Nuclear Security
Administration under contract DE-NA0003525.

3:00 – 3:30
Heat Inputs in Powder Bed Fusion of Metallic Materials
Nesma Aboulkhair, Christopher Tuck, Sam Catchpole Smith, Luke Parry, Marco Simonelli, Ian
Maskery, Ricky Wildman, Ian Ashcroft, Adam Clare, University of Nottingham
The development of Selective Laser Melting (SLM) has concentrated around the
production of dense components in a number of alloy systems. Whilst this is a necessary first
step, attention has now gravitated towards the effect of heat inputs into the powder bed in order
to begin to control secondary effects such as microstructural developments and thermal stress
build up. This presentation will discuss the effects of changing scan strategy on the
microstructures in Ti-6Al-4V and complex scan strategy developments for Inconel 718 to
alleviate in process micro-cracking, as well as activities on the use of computational methods for
the prediction of thermal stress within SLM components.
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4:00 – 4:30
Porosity in Additive Manufactured Metallic Parts: Prediction, Remediation and Impact on
Fatigue Behavior
Nima Shamsaei1, Shuai Shao2, Scott Thompson1
1
Auburn University, 2Louisiana State University
Laser Powder Bed Fusion (L-PBF) conditions favorable for pore formation, the response
of pores during hot isostatic pressing (HIP) and heat treatment (HT), and the effect of final pore
distribution on a part’s fatigue life will be discussed by providing various experimental and
numerical results. In general, parts fabricated via powder-based additive manufacturing (AM)
are prone to possessing porosity detrimental to their final fatigue performance during
application. Spherical and slit-shaped/lack-of-fusion pores can accelerate the formation and
propagation of fatigue cracks with severity governed by pore size, shape, location and
orientation. The shielding gas used during powder preparation and/or powder-based AM, such
as argon (Ar), can become trapped within the actual powder or within the porous regions of the
part. The presence of this gas complicates the efficiency of porosity removal/reconditioning
during post-AM procedures such as HIP and HT.
This presentation will summarize recent work aimed at characterizing the sensitivity of
pores to the powder-based AM process and to post-processes like HIP, as well as the sensitivity
of an AM part’s fatigue response to a given pore distribution. The ‘life cycle’ of a pore
representative to AM is investigated – through its formation, remediation, and influence during
cyclic loading. Multiple Ti-6Al-4V specimens were fabricated using an EOS M290 L-PBF system
followed by: thermomechanical simulations of the L-PBF process, non-destructive evaluation
(NDE) of select AM parts via X-ray computed tomography (CT) and interferometry, mechanical
testing of select AM parts, microstructural evaluation, and fractography of fracture surfaces.
Thermomechanical simulations provided experimentally-validated predictions for the
solidification/cooling histories inherent to as-processed parts. Simulation results were correlated
with X-ray data to enhance model predictiveness in pore generation. Porosity sensitive fatigue
behavior of the AM parts was investigated by combining fatigue experiments and X-ray data.
Finally, via density functional theory and phase field modeling, the evolution of gas-laden pores
under elevated temperature and pressure conditions typical for HIP and HT was evaluated.
Results from this work are aimed to optimize the state-of-the-art in L-PBF/powder, as well as
HIP/HT, technologies for remedying/enhancing AM part fatigue performance upon their
manufacture.

4:30 – 5:00
Additive Manufacturing and Digital Rock Physics for Geoscience Applications
Hongkyu Yoon, Mario J Martinez, Thomas Dewers, Sandia National Laboratories
The mechanical and fluid flow properties in fractured and porous media are fundamental
to predicting coupled multiphysics processes in the subsurface. Recent advances in
experimental methods and multi-scale imaging capabilities have revolutionized our ability to
quantitatively characterize geomaterials, which allows us to reach ever-increasing spatial
resolution across scales. Digital rocks reconstructed from multiscale images (e.g., microCT
images) and theoretical/stochastic generations are now routinely used to characterize
petrophysical and mechanical properties across scales. Additive manufacturing (AM), commonly
known as 3D printing, is a fast-growing manufacturing technique that produces custom parts or
whole products by printing materials by layers only where it is needed. The properties of rock
are often non-uniform and heterogeneous, requiring multiple samples to unravel competing
contributions to physical and geochemical behavior from compositional, textural and structural
components. For geoscience applications, AM technology can be co-opted to print reproducible
porous and fractured structures derived from CT-imaging of actual rocks and theoretical
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algorithms for experimental testing. The use of 3D printed microstructure allows us to overcome
sample-to-sample heterogeneity that plague rock physics testing and to test material response
independent from pore-structure variability. Integration of imaging, digital rocks and 3D printing
potentially enables us to develop a new workflow for understanding coupled petrophysical and
mechanical processes in a well-defined setting with the improved reproducibility, enabling full
characterization and thus connection of physical phenomena to structure. In this talk we will
present coupled multiscale experimental and numerical analysis using 3D printed fractured rock
specimens and powder-based testing samples. In particular, we discuss the processes of
selection and printing of fractured specimens and small cylinder cores with various materials to
study fluid flow characterization and geomechanical testing. We will also discuss the innovative
advancement of 3D printing techniques applicable for coupled processes in the subsurface.
Sandia National Laboratories is a multi-mission laboratory managed and operated by
National Technology & Engineering Solutions of Sandia, LLC., a wholly owned subsidiary of
Honeywell International, Inc., for the U.S. Department of Energy’s National Nuclear Security
Administration under contract DE-NA0003525.

5:00 – 5:30
Multiscale Process-Structure-Properties Modeling for Additive Manufacturing in Metals
Greg Wagner, Stephen Lin, Wentao Yan, Yan Ping Lian, Zeliang Liu, Sarah Wolff, Wing Kam
Liu, Northwestern University
The material microstructure that results from an additive manufacturing process is
strongly dependent on the detailed thermal history of the manufactured parts. Predictions of
microstructures for a particular set of process parameters, therefore, must include information
from multiple scales, including the part scale, the melt pool scale, and the grain scale. In this
talk, ongoing modeling efforts at Northwestern University at each of these scales are described,
as well as strategies for coupling between scales. At the part scale, an explicit finite element
code (GAMMA) has been developed to simulate the transient thermal field throughout the
manufacturing process. It has recently been demonstrated that the solidification rates predicted
in these simulations correlate well with the experimentally measured porosities in a part
manufactured through directed energy deposition (DED). At the same time, we are performing
detailed thermal-fluid simulations of the melt pool, including individual particle effects, to predict
effects of melt pool dynamics on resulting characteristics like porosity or roughness. We
demonstrate simulations of single and multiple tracks, including multiple deposition layers, in an
electron beam melting process. Models at both of these scales are coupled to a cellular
automata simulation to predict microstructural properties like grain size, aspect ratio, and
direction for a given process. Finally, a new method for reduced order modeling of solid
microstructures, self-consistent clustering analysis (SCA), is presented. This method has the
promise to accelerate fine-scale calculations of material performance and allow concurrent
multi-scale simulations linking structure to properties for complex heterogeneous materials,
including additively manufactured metal parts.
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Friday, September 8
8:30-9:00
Accelerating Qualification of Additively Manufactured Metal Parts
Wayne King, Andrew Anderson, Robert Ferencz, Neil Hodge, Saad Khairallah, Manyalibo
Matthews, Alexander Rubenchik, Otis Walton, Morris Wang, Lawrence Livermore National
Laboratory
Part qualification for critical applications can be costly and take a long time—attributes
that offset the speed, versatility, and adaptability of additive manufacturing. The challenge is to
replace the experience-based approach presently used to produce parts with a science-based
approach that can be implemented on the factory floor.
We employ a multiscale modeling framework that includes models of powder spreading
dynamics, powder melting and solidification, and residual stress and distortion at the part scale.
The experimentally validated models describe what can be expected from a build carried out
with specific input parameters, but such predictions alone do not provide the accelerated
qualification that is required.
Today, we use extensive, iterative experimentation to optimize input parameters for the
process. However, because the thermal boundary conditions change as a function of the part
geometry, the parameters required to achieve desired part quality will also be a function of
geometry. During the build, data is collected from in situ process sensors. In situ sensors and
feedback schemes aid with process control. But, feedback works best when the input
parameters are close to optimal for the given geometry. Achieving the needed control
throughout a part build requires voxel-by-voxel control of the input parameters. The vision of
achieving a precise, optimized 3D map of input parameters is referred to as a priori or intelligent
feed forward control.
In this methodology, the simulation will be used to teach the additive manufacturing
machine how to build the part on a voxel-by-voxel basis and at the same time predict the output
of the process sensors. Because we cannot expect the simulations to be perfect, feedback
control will be used to correct the simulation-based build. After the build is complete, the sensor
data will be compared with the simulation’s prediction. If the prediction and the experiment
agree within some specified uncertainty, we believe that it will be possible to establish
confidence that the material is of the required quality to fulfill mission requirements.
The intelligent feed-forward approach, when successfully implemented, will ensure “right every
time” production or early automated rejection, thus buying down risk. In ten years’ time, we
believe that every metal additive manufacturing machine will have model-based intelligent feed
forward capability.
This work performed under the auspices of the U.S. Department of Energy by Lawrence
Livermore National Laboratory under Contract DE-AC52-07NA27344

9:00-9:30
Calibration and Validation of Macroscopic Models for Additive Manufacturing
Lars-Erik Lindgren, Andreas Lundback, Lulea University of Technology
Approaches developed within computational welding mechanics (CWM) are transferable
to Direct Energy Deposit (DED) methods whereas Powder Bed Fusion (PBF) processes bring
additional challenges. CWM models focus on the overall behavior of the welded component and
excludes details within the weld process zone. They can be applied at various accuracy levels
[1] ranging from overall residual stress state to detailed models giving microstructural
information as well as risk for cracking. However, the exclusion of the process zone adds the
need to calibrate the chosen heat input model and can thus not predict the shape of the molten
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region. The latter belongs to the realm of weld process modeling that requires a smaller scale
as well as additional physics.
The authors will share their experiences in developing finite element models for welding,
DED and PBF processes. The limitations as well as need for a structured calibration and
validation strategy are emphasized.
Reference.[1] L.-E. Lindgren, Computational welding mechanics. Thermomechanical
and microstructural simulations, Woodhead Publishing, 2007.

9:30-10:00
Suman Das, Georgia Institute of Technology
Modeling and experimental validation of powder bed fusion-based additive
manufacturing in turbine engine hot-section alloys processed through scanning laser
epitaxy
Scanning Laser Epitaxy (SLE) is a metal powder bed fusion-based additive manufacturing
technology under development for turbine engine hot-section alloys solidified in equiaxed,
directionally-solidified and single-crystal microstructural morphologies. This presentation
describes the state-of-the-art of SLE process development, computational modeling,
experimental characterization, and property testing. Physics-based process modeling is
combined with process development based on design-of-experiments and quantitative
metallography to enable process-structure-property mapping. Mechanical property testing and
advanced characterization techniques are employed to compare additive manufactured samples
against baseline cast alloys. Results from SLE processing across range of hot-section alloys will
illustrate the potential of SLE technology for both additive repair and additive manufacturing of
turbine engine hot-section components.
10:30-11:00
Modeling of Selective Laser Melting: Impact of Laser Settings and Powder Morphology
Mario Martinez, David Noble, Sandia National Laboratories
Selective laser melting (SLM) is an additive manufacturing process in which layers of
metal powders are selectively melted with a laser in order to manufacture a part. The method
enables the construction of complex three-dimensional parts from metal powders, including
parts which cannot be constructed by conventional subtractive processes. However, the
coupled interacting physical phenomena (e.g., melting/remelting, capillarity, flow, solidification)
are not fully understood, but are central to optimizing the process for production of reliable parts.
Important issues include mechanical anisotropy, residual stress and cracking. Porosity
development is a common issue which will affect build quality and performance. Coupled
experimental and modeling studies are essential for a deeper understanding of the process structure - property interaction. We will discuss an SLM model based on FEM and a Level-Set
technique with conformal representation of the melt/gas interface. The Conformal
Decomposition Finite Element Method (CDFEM) is an enriched finite element method that can
describe arbitrarily discontinuous physics across dynamic interfaces. This general framework
allows the physics code to describe either weak or strong discontinuities across the interface,
resulting in a powerful model to simulate the melting of powder particles and motion of the melt
flow. Applications will illustrate the impact of laser settings and powder morphology on surface
finish and part defects (pores, un-melted regions).
Sandia National Laboratories is a multi-mission laboratory managed and operated by
National Technology and Engineering Solutions of Sandia, LLC., a wholly owned subsidiary of
Honeywell International, Inc., for the U.S. Department of Energy's National Nuclear Security
Administration under contract DE-NA-0003525.
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11:00-11:30
Lightweight Design Using Direct Metal Laser Sintering: Optimized Topology vs. Lattice
Structures
Dan Thoma, Krishnan Suresh, Behzad Rankouhi, University of Wisconsin-Madison
Metal additive manufacturing techniques such as Direct Metal Laser Sintering (DMLS)
allow for complex geometry fabrication of metal parts, a capability that is of special interest from
a design point of view. Means to minimize material consumption, build time, and consequently,
manufacturing costs is constantly being sought after in Additive Manufacturing (AM).
Lightweight design is considered one of the most promising methods to achieve this objective
and it is actualized through topology optimization or generating lattice structures. In addition to
the above mentioned benefits, the application of these designs in mobility industries are of
outmost importance. Weight reduction capabilities of both approaches is well known, however,
the mechanical performance of these models has yet to be studied.
In this work, we aim to characterize the mechanical properties of additively
manufactured, optimized, load bearing functional parts. Design and optimization is done using
Pareto software, developed at UW-Madison. These designs are later manufactured using a
DMLS system. Finally, mechanical tests are performed to quantify the performance of each
design and to identify the existing trade-offs in terms of performance versus weight.

11:30-12:00
Platforms for High Throughput Characterization and Machine Learning for Additive
Manufacturing
Aaron Stebner, Colorado School of Mines
The Alliance for the Development of Additive Processing Technologies (ADAPT) is
developing and validating an Artificial Intelligence (AI) platform that is capable of learning
physical Process-Structure-Property (PSP) models for Additive Manufacturing (AM). Our
approach is “outside of the box” of traditional physics-based modeling of PSP relationships, as
we have found that the number of physical Degrees of Freedom (DOF) in AM is tremendous.
For example, in selective laser melting (SLM) of Inconel using a Concept Dual-Laser machine,
there are over 100 PSP DOFs - an overwhelming challenge for even the most revolutionary
multi-physics-based approaches. It is also a great challenge to identify the critical DOFs for
variation in AM using only human discernment. Thus, we are coupling the latest advancements
in Machine Learning (ML) together with state of the art Cloud-based computing and materials
database infrastructure. An added benefit of our approach is the inherent statistical core of our
models – the AI platform is not only capable of learning the PSP relations of AM, but also
providing statistical reports on part quality and variation in a manner conducive to certification.
One of the initial research thrusts within this center has been optimizing AM parameters
for certification of SLM Inconel 718 parts and wire-fed, electron-beam printed Ti-64 parts. We
populate the database using a state-of-the-art R&D laboratory dedicated to advanced, highthroughput PSP characterizations of AM metals, including sub-micron-resolved computed
tomography (μCT), diffraction contrast tomography (DCT) thermomechanical testing, 3D surface
metrology, and optical microscopy. With these resources, are analyzing over 6,000 Inconel 718
specimens to assess statistical process-structure-property correlations toward optimizing the
AM processes. In this presentation, we will present the underlying computational framework and
algorithms we have developed toward these means – specifically algorithms for autonomous
structural feature detection in mechanical test, μCT, and metrology data, and also the use of
Matrix Completion Machine Learning algorithms to accelerate test plans for AM parts.
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